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ABSTRACT 


A  basic  probe  has  been  designed  which  consists  of  a  1/8-in.  -diam, 
water-cooled  copper  probe  with  an  inside  diameter  of  0.  050  in.  These 
probes  may  be  aspirated  to  take  a  gas  sample  and  temperature  reading, 
or  used  without  aspiration  to  measure  total  pressure.  Two  systems 
currently  being  investigated  to  measure  temperature  are  quartz-coated 
thermocouples  and  pneumatic  thermometers.  These  probe  designs  were 
chosen  because  they  should  not  include  the  heat  of  recombination  of  non¬ 
equilibrium  gases  in  the  temperature  reading  as  would  a  calorimeter- 
type  total  enthalpy  probe.  The  gases  are  analyzed  on  line  with  a  bistable 
fluid  oscillator  having  an  oscillation  frequency  that  is  a  function  of  the 
molecular  weight  of  the  sample.  No  quantitative  theory  of  fluid  oscilla¬ 
tors  is  available;  however,  observations  are  given  of  the  effect  of  some 
of  the  design  parameters  on  performance.  A  study  was  made  of  the 
effect  of  probe  shape  and  Mach  number  on  the  validity  of  samples  taken 
in  a  supersonic  stream.  For  hydrogen -nitrogen  mixtures  at  a  static 
pressure  of  1  atm,  no  change  between  the  free  stream  and  the  sample 
was  seen  in  any  of  the  tests. 
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SECTION  I 
INTRODUCTION 


A  knowledge  of  the  fluid  dynamic  and  chemical  properties  of  gaseous 
combustion  products  is  essential  to  the  analysis  of  many  systems  where 
temperature,  pressure,  and  composition  fields  occur  which  cannot  be 
predicted  theoretically.  In  general,  no  significant  progress  can  be  made 
in  turbulent  reactive  mixing  until  more  experimental  data  are  available 
to  guide  the  development  of  theories.  These  problems  include: 

1.  Rocket  nozzle  boundary  layers  -  where  it  is  desired  to 
evaluate  boundary -layer  losses.  Existing  boundary- 
layer  calculations  may  not  be  sufficiently  accurate  when 
the  flow  is  turbulent  with  a  pressure  gradient,  has  heat 
transfer,  and  is  in  an  unknown  chemical  state. 

2.  Rocket  exhaust  plume  mixing  zones  -  where  the  amount 
of  mixing  with  ambient  air  cannot  be  calculated  and  the 
chemical  state  of  the  mixing  layer  is  unknown.  This 
information  is  necessary  to  calculate  the  radiation  from 
interfacial  burning. 

3.  SCRAMJETS  -  where  vehicle  evaluation  depends  on  a 
knowledge  of  fuel  distribution  and  the  state  of  the 
chemistry.  Here  no  calculation  procedures  exist  to 
provide  this  information. 

The  objective  of  this  work  is  to  develop  techniques  to  measure  fluid 
properties  in  high -temperature,  high-speed  reacting  flows.  Specifically, 
emphasis  has  been  placed  on  the  diagnostics  of  turbulent  mixing  zones, 
where  the  significant  properties  are  time  mean  average  density,  velocity 
composition,  and  enthalpy.  The  choice  of  these  properties  is  dictated  by 
a  desire  to  evaluate  mixing  data  using  the  conservation  equations  (momen¬ 
tum,  enthalpy,  and  elemental  composition).  The  direct  measurement  of 
these  properties  is,  however,  not  necessary  since  they  may  be  calculated 
from  any  four  nonredundant  properties;  for  example,  total  pressure, 
static  pressure,  elemental  composition,  and  temperature. 

The  choice  of  techniques  to  measure  gas  properties  is  dictated  by 
physical  considerations  and  by  the  range  of  properties  to  be  measured. 

The  physical  considerations  are: 


1 


AEDC-TR-68-44 


1.  In  mixing  systems,  it  is  desired  to  meaningfully  measure 
gradients  of  velocity  up  to  10,  000  ft/sec/in.  with  com¬ 
parable  temperature  and  density  gradients.  Static  pres¬ 
sure  gradients  may  be  very  large  around  shock  waves 

-  and  expansion  fans  but  in  many  systems  can  be  assumed 
to  be  relatively  small  although  not  negligible  compared 
with  the  stream  momentum  gradients.  Therefore,  small 
probes  or  other  high  resolution  methods  are  necessary, 
and  all  the  properties  should  be  defined  at  one  point  to 
avoid  the  problem  of  spatially  matching  several  measure¬ 
ments.  This  is  particularly  true  when  the  desired  proper¬ 
ties  must  be  calculated  from  a  number  of  measurements. 

2.  Prandtl  and  Lewis  numbers  cannot,  in  general,  be  assumed 
to  be  unity  so  that  equilibrium  and  frozen  temperatures 
cannot  be  calculated  from  atomic  composition  or  velocity. 

3.  The  thermal  effects  of  recombination  must  be  accounted 
for  if  the  technique  stagnates  the  gas  or  exposes  surfaces 
to  mixtures  not  in  equilibrium  at  the  surface  temperature. 

4.  The  flow  is  turbulent  with  fluctuations  in  all  properties; 
therefore,  with  time  mean  average  measurements,  care 
must  be  taken  to  avoid  techniques  which  tend  to  weight 
averages  toward  high  or  low  values. 

5.  The  hardware  geometry  may  be  complex,  and  access  to 
the  point  to  be  measured  must  be  considered. 

6.  Because  of  the  large  number  of  points  necessary  to  define 
a  flow  field,  data  must  be  taken  rapidly,  preferably  on 
magnetic  tape  or  on  line  to  a  computer  so  that  it  can  be 
reduced  automatically. 

The  instruments  and  techniques  being  considered  here  are  to  meas¬ 
ure  the  properties  of  mixing  zones  between  hydrogen  and  air  or  between 
mixtures  of  hydrogen  (H2),  water  vapor  (H2O),  and  nitrogen  (N2) 

(rocket  exhausts)  and  air.  The  range  of  stream  properties  is: 

1.  Static  pressure,  0.  2  to  5  atm 

2.  Total  temperature,  up  to  5500°R 

3.  Velocity,  up  to  10,  000  ft/sec 

Although  it  is  desirable,  it  is  not  considered  necessary  that  one  instru¬ 
ment  be  able  to  cover  this  entire  range. 
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The  accuracy  required  in  these  measurements  is  dependent  on  their 
use.  For  example,  a  100°R  error  at  2000°R  would  give  a  5-percent  error 
if  used  to  calculate  density  and  a  50 -percent  error  in  the  rate  of  reaction 
H  +  C>2  =  OH  +  O.  If  a  large  number  of  data  points  are  used  and  the 
results  smoothed,  greater  data  scatter  can  be  tolerated  than  if  the  result 
of  a  single  point  measurement  is  used.  In  either  case,  however,  any 
consistent  error  is  very  undesirable. 

A  method  of  developing  an  instrument  or  technique  is  to  determine 
by  calculations  whether  it  has  a  reasonable  chance  of  success.  These 
calculations  must  then  be  evaluated  by  preliminary  experiments,  which 
generally  develop  a  number  of  problems  that  must  be  solved.  The  major 
problem  in  the  work  reported  herein  has  been  to  provide  a  calibration 
source,  i.  e. ,  a  gas  of  known  properties  against  which  an  instrument 
can  be  checked  or  calibrated.  Several  flat  flame  burners  have  been 
built  in  which  the  flame  temperatures  can  be  calculated  from  the  fuel 
flow  and  heat  loss  measurements.  Another  approach  has  been  to  work 
on  systems  operating  with  different  physical  principles  to  determine  if 
both  methods  give  the  same  answer.  This  has  not  been  successful 
because  it  is  hard  to  get  one  system  to  work  and  so  far  nearly  impos¬ 
sible  to  get  two.  This  method  is,  however,  necessary  if  temperatures 
are  to  be  measured  where  nonequilibrium  chemistry  is  important  be¬ 
cause  there  is  no  known  way  to  create  a  flow  not  at  equilibrium  with  a 
known  temperature. 

Each  of  the  systems  which  have  been  examined  experimentally  is 
discussed  individually  with  regard  to  the  considerations  listed  above. 

The  theory  of  the  technique  and  the  experimental  results  are  presented. 

A  general  discussion  of  the  flat  flame  burners  used  for  instrument 
checkout  and  calibration  is  also  included.  Data  and  calculations  are 
shown  which  indicate  the  validity  of  using  a  burner  of  this  type  for 
calibration. 


SECTION  II 
PROBE  DESIGN 


If  a  probe  can  be  built  to  measure  total  pressure  and  total  tempera¬ 
ture  and  to  take  a  gas  sample,  the  flow  field  of  a  constant  pressure  mix¬ 
ing  zone  could  be  defined  by  these  measurements  within  the  limits  of 
the  following  assumptions: 


3 


AEDC-TR-68.44 


1.  The  flow  through  the  shock  wave  ahead  of  the  probe  can 
be  modeled,  for  example,  by  a  real  gas  normal  shock 
calculation. 

2.  The  compression  from  the  shock  wave  to  the  stagnation 
point  can  be  modeled,  for  example,  by  an  isentropic 
assumption. 

3.  The  gas  specific  heat  and  molecular  weight  are  a  function 
of  the  local  temperature  and  elemental  species  composi¬ 
tion  only. 

4.  Time  mean  average  properties  are  determined  from  the 
measurements. 

5.  Gas  samples  are  not  changed  in  composition  by  the  flow 
fields  between  a  normal  shock  wave  on  the  probe  and  the 
inlet  to  the  probe. 

6.  The  measured  total  temperature  does  not  include  the 
effect  of  recombination. 

Items  1,  2,  and  3  are  interrelated  in  that  on  their  validity  rests  the 
accuracy  of  the  calculation  of  density  and  velocity  from  total  tempera¬ 
ture  and  total  pressure.  Calculations  based  on  the  kinetics  of  the 
H2-O2-N2  system  made  at  AEDC  indicate  that  a  chemically  frozen  real 
gas  normal  shock  wave  is  an  adequate  approximation.  For  a  shock 
stand-off  distance  of  0.  005  ft,  typical  times  to  stagnation  would  be  on 
the  order  of  5  nsec.  In  this  time  at  pressures  of  1  atm  or  less,  very 
little  total  temperature  change  can  occur  from  chemical  reaction.  The 
effect  of  mixing  between  the  shock  wave  and  the  probe  might  be  impor¬ 
tant  if  the  gradients  of  concentration  were  high  enough  to  set  up  strong 
shear  flows  behind  the  shock  wave.  No  attempt  has  been  made  to 
analyze  the  deviation  from  isentropic  flow  between  a  shock  wave  and  a 
probe,  and  it  is  mentioned  here  only  to  point  out  that  it  may  limit  the 
range  of  application  of  a  total  pressure  probe  in  reacting  shear  flows. 

An  analysis  has  been  made  of  the  effect  of  the  reaction  model  on  the 
molecular  weight  and  specific  heat  of  reacting  hydrogen  air  mixtures. 
This  modeling  is  necessary  since  there  does  not  at  the  moment  seem  to 
be  any  way  in  which  a  nonequilibrium  composition  can  be  measured. 
Therefore,  some  assumption  is  necessary  to  relate  the  molecular  weight 
and  specific  heat  to  the  temperature  in  a  nonequilibrium  mixture.  Two 
possibilities  suggest  themselves.  The  first  is  to  use  a  chemical  kinetics 
program  to  compute  the  temperature -gas  properties  relationship  for  the 
particular  enthalpy,  stoichiometry,  and  pressure  of  interest.  The  sec¬ 
ond  is  to  assume  that  the  properties  are  linear  between  those  of  the  gas 
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at  equilibrium  and  unreacted  gas.  These  two  examples  represent  the 
extreme  between  a  premixed  system  where  the  composition  is  con¬ 
trolled  by  the  kinetics  and  a  mixing  model  where  the  gas  consists  of 
local  cells  of  equilibrium  mixture  interspersed  with  unreacted  gas. 

The  second  model  implies  a  linear  relationship  between  T,  Cp,  and 
M.  These  relationships  between  a  nondime  ns  ional  temperature  and 
the  nondimensionalized  specific  heat  and  molecular  weight  are  shown 
in  Fig.  1  (Appendix  I)  for  H2~air  mixtures  over  a  range  of  tempera¬ 
ture  and  equivalence  ratio.  Neither  of  these  two  models  is  a  true 
representation  of  a  turbulent  mixing  zone.  However,  since  they  give 
such  small  differences  in  properties,  nothing  more  complicated  than 
a  linear  assumption  can  be  justified,  considering  the  lack  of  knowledge 
of  the  structure  of  a  reactive  mixing  zone. 

Item  4,  the  effect  of  turbulence  on  probe  readings,  cannot  be 
checked  in  detail  since  it  is  strongly  dependent  on  the  amplitudes  of  the 
turbulent  fluctuations  which  are  not  known.  In  addition,  composition 
and  temperature  measurements  require  a  detailed  knowledge  of  the 
phenomena  which  are  occurring  to  be  able  to  determine  the  relation¬ 
ship  between  the  measured  properly  and  the  average  property  in  the 
stream. 

Item  5  is  discussed  in  Section  4. 1,  and  item  6  is  discussed  in 
Section  III. 

The  first  problem  in  designing  a  probe  is  to  build  a  probe  to  with¬ 
stand  the  thermal  environment  encountered  in  reactive  mixing  systems. 
Experience  has  shown  that  a  probe  to  be  used  in  a  high  heat  load  situa¬ 
tion  in  an  oxidizing  atmosphere  should  be  made  from  copper  and  be 
strongly  water  cooled.  There  are  a  number  of  approaches  to  this 
problem.  If  venting  cooling  water  into  the  stream  is  permissible, 
adequate  cooling  can  be  obtained  with  the  designs  described  in  Refs.  1 
and  2  and  shown  in  Fig.  2.  Both  of  these  designs  do,  however,  have  a 
rather  large  ratio  of  frontal  area  to  internal  flow  area  because  of  the 
water  in  the  stream. 

A  copper  probe  has  been  designed  (Fig.  3)  which  has  a  completely 
enclosed  cooling-water  system.  The  standard  size  of  this  probe  is 
0. 125-in.  OD  and  0.050-in.  ID,  and  it  can  be  made  with  a  square  or 
rounded  tip  with  a  full  bore  or  orifice  tip  section  (Fig.  4).  Any  of  these 
probes  will  give  a  reasonably  accurate  total  pressure  reading  although 
some  nose  shapes  are  more  sensitive  to  flow  angle  than  others.  In 
this  study,  the  choice  of  the  nose  shape  has  been  dictated  by  the  use  of 
the  probe  as  a  thermometer  as  discussed  in  Section  III.  One  of  these 
probes  was  used  in  the  Mach  3  exhaust  of  an  H2-O2  rocket  motor  oper¬ 
ating  at  an  O/F  ratio  of  3.  2,  a  chamber  pressure  of  300  psia,  and  a 
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total  temperature  of  about  5500*R.  A  probe  of  this  type,  built  with  an 
OD  of  0.  040  in.  and  an  ID  of  0.  010  in. ,  withstood  the  full  flame  of  an 
acetylene  torch  when  cooled  with  water  at  600  psi.  Probes  smaller 
than  0.  125-in.  OD  are  very  difficult  to  build,  however,  and  do  not  have 
a  large  enough  bore  for  a  thermocouple.  The  standard  probes  are  cooled 
with  filtered  demineralized  water  at  pressures  from  150  to  400  psi.  For 
atmospheric  pressure,  H2-air  flames,  a  cooling-water  pressure  of 
150  psi  is  adequate.  No  study  has  been  made  of  the  maximum  cooling- 
water  pressure  which  can  be  used,  but  only  one  failure  has  occurred 
from  cooling- water  overpressure.  Before  a  demineralized  water  sys¬ 
tem  was  installed,  the  majority  of  the  probe  failures  occurred  because 
of  deposits  in  the  cooling-water  passages. 

There  were  two  possible  thermal  failures  which  occurred  inside 
the  probes  just  downstream  of  the  nozzle.  This  section  is  quite  thin 
(0.  010  in.  as  designed  and  less  if  the  tube  bore  is  not  concentric)  and 
subject  to  mechanical  damage.  However,  when  one  probe  was  cut 
open,  it  looked  as  though  flame  erosion  had  occurred.  Both  these  fail¬ 
ures  occurred  after  about  one  hour  of  operation  in  H2~air  flames  (from 
3000  to  4300°R).  Another  probe  with  an  0.  030-in.  nozzle  inlet  has  been 
run  four  hours  under  the  same  conditions  without  failure. 


SECTION  III 

TEMPERATURE  MEASUREMENTS 


Three  important  considerations  to  be  taken  into  account  when  select¬ 
ing  a  method  to  measure  temperature  in  a  turbulent  reactive  mixing 
zone  are: 

1.  The  high  temperature, 

2.  The  turbulent  fluctuations  of  properties  and  the  effect  of 
turbulence  on  heat-transfer  rates,  and 

3.  The  heat  of  recombination  of  the  partly  reacted  mixture. 

The  high  temperature  precludes  using  a  thermocouple  operating 
near  the  stagnation  temperature  since  there  are  no  materials  which 
will  withstand  oxidizing  conditions  and  which  will  not  melt  well  below 
the  expected  flame  temperatures. 

Turbulent  fluctuations  have  two  effects  on  the  design  approach. 

First,  it  is  desirable  to  have  a  method  where  the  measured  quantity, 
from  which  the  temperature  is  deduced,  is  nearly  a  linear  function 
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of  the  temperature  itself  so  that  the  fluctuating  terms  do  not  tend  to 
weight  the  readings  toward  high  or  low  temperatures.  Second,  the 
highly  turbulent  flow  makes  any  theory,  at  best,  approximate  so  that 
calibrations  are  necessary. 

When  a  dissociated  gas  sample  is  taken  into  a  probe,  it  will  recom¬ 
bine,  and  the  heat  of  recombination  will  be  transferred  to  the  probe  walls. 
To  make  a  reading  independent  of  the  degree  of  dissociation,  it  is  neces¬ 
sary  to  avoid  techniques  which  depend  on  the  measurement  of  this  trans¬ 
ferred  heat.  There  does  not  seem  to  be  any  way  of  evaluating  this  effect 
except  to  build  two  temperature  measuring  devices  operating  on  differ¬ 
ent  physical  principles  and  to  compare  the  readings  in  equilibrium  and 
nonequilibrium  gases.  This  has  not  been  done  up  to  this  time  because 
of  difficulties  with  the  calibrations  of  the  individual  probe's. 


3.1  THERMOCOUPLE  PROBES 

By  coating  a  thermocouple  junction  with  quartz,  it  is  possible  to 
markedly  reduce  the  recombination  that  occurs  on  the  surface  of  the 
junction  (Ref.  3).  The  recombination  will  occur  elsewhere  in  the  probe, 
but  except  for  that  which  occurs  in  the  gas  phase  ahead  of  the  junction, 
none  of  the  heat  of  recombination  should  affect  the  junction  temperature. 
A  probe  of  this  type  was  tested  in  a  reactive  hydrogen-air  mixing  zone 
and  compared  with  a  bare  wire  thermocouple  probe.  The  results  are 
qualitatively  shown  in  Fig.  5.  In  the  unreacted  part  of  the  stream, 
the  quartz -jacketed  thermocouple  showed  a  regular  transition  from  the 
hot  hydrogen  core  to  the  cold  outside  air,  whereas  the  bare  wire  ther¬ 
mocouple  had  maxima  where  the  potential  for  heat  release  existed  but 
where  reaction  had  not  yet  occurred.  Farther  downstream  both  curves 
were  similar  in  shape,  but  the  bare  wire  probe  gave  a  higher  tempera¬ 
ture.  Near  the  end  of  the  flame,  both  thermocouples  indicated  essen¬ 
tially  the  same  temperature.  The  two  probes  were  calibrated  against 
each  other  in  a  premixed  H2-air  flame,  so  that  if  the  mixing  zone  were 
in  equilibrium,  the  two  probes  should  give  the  same  temperature. 

There  was  no  absolute  calibration  on  either  probe;  therefore,  the  abso¬ 
lute  value  of  temperature  is  not  known. 

The  quartz -jacketed  probe  design  is  shown  in  Fig.  6.  This  probe 
consists  of  a  basic  water-cooled  copper  probe  shell  containing  a 
platinum/ platinum  -  10 -percent  rhodium  thermocouple  supported  by 
an  alumina  two-hole  insulator  and  covered  by  a  quartz  thimble.  No 
particular  attempt  was  made  to  prevent  the  quartz  tube  from  touching 
the  copper  wall  although  minor  irregularities  will  prevent  good  thermal 
contact.  The  probe  is  aspirated  to  the  sample  system  where  the  flow  is 
controlled  by  a  choked  orifice. 
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A  typical  calibration  curve  on  the  measured  temperature  against 
the  calculated  flame  temperature  is  shown  in  Fig.  7.  The  data  include 
hydrogen-air  and  hydrogen- oxygen  combustion  products  at  tempera¬ 
tures  from  3000  to  4200°R.  The  gas  temperature  was  obtained  from  an 
enthalpy  balance  around  the  burner  as  described  in  the  section  on  the 
calibration  system.  The  H2~air  data  from  this  curve  and  other  similar 
calibrations  show  a  linear  relationship  between  gas  temperature  and 
measured  temperature  for  both  rich  and  lean  flames.  There  are  insuf¬ 
ficient  H2-O2  data  at  this  time  to  be  sure,  but  these  samples  may  give 
a  somewhat  higher  temperature  reading  for  a  given  gas  temperature. 
This  effect  is  not  large  since  all  the  data  can  be  fitted  to  a  straight 
line  with  a  maximum  deviation  less  than  200°R.  This  would  be  a  large 
deviation  considering  the  chemical  kinetics  of  the  mixture,  but  in  a 
fluid  dynamic  problem  it  would  give  about  ±5  percent  accuracy  to  a 
calculation  of  density. 

The  indicated  temperature  depends  moderately  on  the  flow  past  the 
thermocouple.  This  effect  is  shown  for  a  different  thermocouple  probe 
of  the  same  design  in  Fig.  8.  Since  the  pressure  at  a  choke  point  down¬ 
stream  of  the  thermocouple  is  a  measure  of  the  flow,  this  parameter 
can  be  used  to  evaluate  scatter  in  the  calibration  data.  Figure  9  is  a 
graph  of  the  choke  point  total  pressure  versus  the  measured  tempera¬ 
ture  for  the  probe.  These  data  show  a  similar  scatter  to  the  calibra¬ 
tion  curve  without  any  particular  point-to-point  correlation,  thus 
indicating  that  the  scatter  in  the  calibration  data  was  probably  not 
caused  by  mass  flow  fluctuations. 


3.2  PNEUMATIC  TEMPERATURE  PROBES 


The  design  of  a  pneumatic  probe  is  shown  in  Fig.  10.  This  device 
contains  two  choked  nozzles  or  orifices  in  series.  The  upstream  noz¬ 
zle  is  located  at  the  probe  tip,  and  the  second  nozzle  is  downstream  at 
a  station  where  the  gas  temperature  is  low  enough  to  measure  accu¬ 
rately  with  conventional  thermometry.  The  temperature  of  the  gas  at 
the  upstream  orifice  is  calculated  from  the  measured  total  pressures 
at  the  two  nozzles  and  the  temperature  at  the  second  nozzle  using  the 
one -dimensional  mass  continuity  equation. 


Pneumatic  thermometers  of  this  type  were  developed  in  the  late 
1940's  (Refs.  4  and  5).  This  idea  is  particularly  interesting  since 
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(1)  the  only  temperature  limit  is  in  the  design  and  cooling  of  the  probe, 
and  (2)  if  the  change  in  molecular  weight  and  7  can  be  accounted  for, 
there  seems  to  be  no  reason  why  this  probe  should  not  work  equally  well 
in  equilibrium  and  nonequilibrium  flow.  This  probe  consists  of  a  stand¬ 
ard  probe  shell  with  an  0.  020-  to  0.  030-in.  -diam  nozzle  machined  into 
the  tip.  An  attempt  is  made  to  produce  a  smooth  inlet  with  a  short 
radius.  There  is  no  way  to  contour  the  nozzle  exit  section  except  to 
polish  it  to  remove  burrs  formed  in  the  drilling  operation.  The  second 
nozzle  is  located  in  a  constant  temperature  bath  held  at  200°F  and  is  12 
to  18  in.  downstream  of  the  first  nozzle.  The  probe  is  cooled  with  hot 
water  so  that  there  is  no  place  in  the  system  where  water  can  condense 
from  the  combustion  gases.  The  pressure  just  upstream  of  the  second 
orifice  is  measured  with  a  pressure  transducer.  As  may  be  seen 
schematically  in  Fig.  10,  if  the  valve  (V^)  is  open  to  vacuum  and  the 
three-way  valve  (V2)  to  the  transducer,  the  pressure  transducer  will 
measure  P'j’2-  If  Vi  is  closed,  the  transducer  will  measure  Pxi*  The 
valve  (V2)  may  also  be  used  to  bypass  the  second  orifice  and  provide  a 
sample  to  the  gas  analyzer  at  a  higher  pressure  than  if  the  flow  goes 
through  the  second  orifice. 

In  spite  of  the  apparent  simplicity  of  this  device,  one  major  and 
several  minor  problems  exist.  The  (A1/A2)  term  in  the  continuity 
equation  is  not  a  constant  since  it  contains  orifice  coefficients  as  well 
as  geometric  areas.  With  this  size  orifice  (0.  020  to  0.  040  in. ),  the 
diameter  Reynolds  numbers  "Vary  from  a  few  hundred  to  a  few  thousand 
depending  on  the  gas  and  the  temperature.  In  this  range,  the  orifice 
coefficient  varies  nonlinearly  from  0.  75  to  0.  85  (Ref.  6),  thereby  caus¬ 
ing  changes  in  the  effective  area  ratio.  The  effective  area  ratio  may  be 
calculated  from  the  measured  pressures  and  temperatures  and  the  known 
gas  temperature  in  the  calibration  burner  by  using  the  ratio  of  molecular 
weight  times  f(7)  calculated  from  the  known  gas  properties.  This  param¬ 
eter  is  shown  in  Fig.  11  as  a  function  of  gas  temperature  for  rich  and 
lean  H2-air  mixtures  and  for  very  rich  H2-O2  mixtures.  There  is  a 
definite  effect  of  composition  on  area  ratio.  An  ideal  probe  would  show 
no  change  in  effective  area  ratio  with  temperature;  however,  it  would 
be  quite  acceptable  to  have  a  variation  with  temperature  which  was  not 
a  function  of  composition.  At  this  time,  there  does  not  seem  to  be  any 
way  to  produce  a  general  calibration  curve  for  these  probes  since  the 
functional  form  of  the  variation  of  effective  area  ratio  with  gas  proper¬ 
ties  has  not  been  found. 

This  problem  is  complicated  by  the  possibility  that  heat  can  be  re¬ 
moved  from  the  front  orifice  making  the  flow  thermally  nondimensional 
and  thereby  making  the  flow  coefficient  vary  with  the  heat  transferred. 
This  effect  would  be  a  complicated  function  of  temperature  and  gas 
properties  and  would  be  added  to  the  correction  for  nonuniform  velocity 
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profile  which  is  given  by  the  correlation  between  Reynolds  number  and 
orifice  coefficient. 

Another  difficulty  encountered  was  the  change  in  effective  area  ratio 
resulting  in  a  change  of  the  size  or  shape  of  the  front  nozzle  due  to  ero¬ 
sion  from  hot  gases. 

If  the  problems  associated  with  variable  nozzle  coefficients  could 
be  corrected  by  a  change  in  nozzle  design,  this  probe  still  has  some 
limitations.  These  are: 

1.  The  pressure  measurements  must  be  very  accurate 
because  the  two  measured  pressures  appear  as  their 
ratio  squared. 

2.  Water  condensation  in  the  probe  can  cause  serious 
inaccuracies. 

3.  Some  chemical  reaction  model  must  be  assumed  so  that 
the  molecular  weight  and  specific  heat  can  be  specified  as 

a  function  of  temperature.  This  is  not  too  serious  a  limita¬ 
tion  since  as  shown  in  Section  II  these  properties  are  rela¬ 
tively  independent  of  the  chemical  model.  There  would  be 
a  catalytic  burner  between  the  two  nozzles  so  that  the  gas 
at  the  second  nozzle  would  be  in  equilibrium.  An  on-line 
gas  analyzer  would  be  necessary  to  obtain  the  overall 
stoichiometry . 

4.  With  this  probe  design,  care  must  be  taken  to  prevent 
choking  at  some  point  between  the  two  nozzles  which 
would  probably  result  in  the  nozzle  on  the  probe  tip 
running  unchoked.  This  is  a  serious  problem  because 
it  would  probably  occur  only  with  some  test  conditions 
and  is  not  detectable  from  the  data  analysis. 


SECTION  IV 

COMPOSITION  MEASUREMENTS 


4.1  GAS  SAMPLING 

Two  problems  are  associated  with  obtaining  a  gas  sample  in  a  flow¬ 
ing  system.  The  first  of  these  is  the  separation  of  low  and  high  molecu¬ 
lar  weight  species  by  the  flow  field  behind  a  detached  shock  wave  on  a 
probe.  A  number  of  workers  (Refs.  7  through  12)  have  reported  this 
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effect.  However,  no  theory  from  which  calculations  can  be  made  is  avail¬ 
able.  As  a  result  of  this,  a  number  of  experiments  were  made  with 
H2-N2  mixtures  discharging  to  atmospheric  pressure  at  several  low 
supersonic  Mach  numbers.  This  range  of  Mach  number  and  pressure  is 
pertinent  to  other  experiments  being  done  at  AEDC. 

The  apparatus  is  shown  in  Fig.  12.  It  consists  of  9.  bottle  gas  mani¬ 
fold  in  which  the  mixtures  were  prepared,  a  regulated  flow  system,  a 
plenum  and  nozzle,  and  a  sampling  probe.  Four  different  0. 125-in.  - 
diam  probes  were  investigated.  These  are  shown  in  Fig.  13.  Measure¬ 
ments  were  made  of  total  pressure  in  the  plenum,  impact  pressure 
measured  by  the  probe,  gas  composition  in  the  plenum,  and  gas  com¬ 
position  in  the  probe.  These  compositions  were  deduced  from  measure¬ 
ments  made  with  a  fluidic  oscillator  which  is  described  in  Section  4. 2. 
Although  the  absolute  concentrations  with  various  tests  may  not  be 
exact,  the  change  in  oscillator  frequency  is  a  very  reliable  indicator 
of  the  change  in  composition.  Table  I  (Appendix  II)  gives  a  summary 
of  the  results  of  these  tests.  In  no  case  was  any  significant  difference 
seen  between  the  composition  in  the  plenum  and  that  in  the  probe. 

Most  of  the  reported  experiments  in  which  this  effect  was  seen  were 
made  at  very  low  static  pressure,  and  therefore,  it  may  be  concluded 
that  this  phenomenon  is  pressure  sensitive  and  not  important  with 
probes  of  this  size  near  1  atm  static  pressure. 

The  second  sampling  problem  results  from  fluctuations  in  concen¬ 
tration  in  the  free  stream  ahead  of  the  probe.  The  average  concentra¬ 
tion  at  a  point  in  the  free  stream  may  be  defined  as 


whereas  the  average  concentration  of  a  sample  is 

C  j  1  —  f  Cwdt/fwdt 
measuredj  ^  £ 

To  evaluate  this  problem  numerically,  the  flow  to  the  probe  must  be 
modeled  to  get  the  instantaneous  weight  flow  and  also  to  obtain  a  distribu¬ 
tion  function  for  the  fluctuations  of  weight  flow  and  concentration.  This 
has  been  done  by  very_approximate  methods  and  indicates  that  differ¬ 
ences  between  C  and  C  (measured)  might  be  on  the  order  of  1  percent  of 
C. 


It  should  be  noted  that  if  the  probe  captures  a  stream  tube  equal  to 
its  total  frontal  area,  then  neither  of  these  problems  exists.  This  is 
not  always  possible  since  the  probe  tip  design  may  be  set  by  the  tem¬ 
perature  measuring  function  or  cooling  requirements. 
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4.2  GAS  ANALYSIS 


Two  standard  techniques  are  available  for  gas  analysis:  gas  chroma¬ 
tography  and  mass  spectrometry.  Gas  chromatography  has  the  disadvan¬ 
tage  of  being  slow.  A  minute  or  more  is  required  for  the  analysis  of 
even  a  simple  mixture.  A  time  of  flight  or  a  quadrupole  mass  spectrom¬ 
eter  will  give  a  very  rapid  analysis;  however,  the  purge  times  on  the 
vacuum  chamber  can  be  long,  and  water  vapor  is  very  hard  to  analyze 
accurately  since  it  adsorbs  on  the  chamber  walls. 

In  many  systems  of  interest,  it  is  not  necessary  to  know  the  complete 
composition.  For  example,  in  mixing  zones  between  rocket  exhaust 
gases  and  air,  the  gas  properties  which  affect  the  fluid  dynamics  are 
defined  if  the  percentage  of  exhaust  gas  and  degree  of  reaction  are 
known.  For  H2~air  and  H2-O2  combustion  products,  the  molecular 
weight  will  define  the  overall  mixture  ratio  with  adequate  sensitivity. 


The  first  method  used  to  measure  molecular  weight  was  used  for 
the  analysis  of  cold  H2~air  mixtures.  It  consisted  of  a  nozzle  and  a 
tank  in  series  as  shown  in  Fig.  14.  The  weight  flow  through  a  choked 
nozzle  is 

»  =  PT(Mf(y)/TT)X  A  (1) 

and  into  the  tank  is 


d  p 


tank 


MVt. 


nk 


dt 


RT 


(2) 


tank 


By  equating  the  weight  flow  through  the  nozzle  and  that  into  the  tank 
and  solving  for  M, 


M  = 


[ 


PT/  <dPtank/dt) 


A  R  ^ tank  '  2  f(y) 
Vtank  TT 


(3) 


The  total  pressure  (Px)  and  the  rate  of  pressure  change  in  the  tank 
are  measured.  The  rest  of  the  terms  are  combined  into  a  calibration 
factor  which  is  nominally  a  constant  (see  Fig.  15).  Some  differences 
may  occur  in  the  effective  area  (A)  because  of  the  change  in  the  nozzle 
coefficient  when  different  gases  are  used. 

A  thermostatically  controlled  copper  tube  with  a  surf  ace -to-tank 
volume  ratio  of  about  6  in.  2/m^  was  placed  in  the  tank  to  remove  any 
possible  heat  of  compression.  Measurements  of  T^ank  and  Tx  were 
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made  with  fast  response  thermocouples  and  in  no  case  changed  during 
the  fill  time.  A  change  in  Ttan^  or  M  during  the  fill  time  would  invali¬ 
date  Eq.  (3)  by  adding  terms  containing  dM/dt  and  dT^^/dt. 

This  system  is  simple  to  set  up  and  operate.  There  are  several 
disadvantages  however.  First,  it  is  not  a  continuous  process.  The 
tank  must  be  evacuated  between  tests.  This  limits  the  cycle  time  to 
about  1  per  10  sec.  Second,  it  is  difficult  to  measure  the  pressures 
with  sufficient  accuracy.  Since  the  measurement  depends  on  the  square 
of  the  ratio  of  two  readings,  it  is  quite  sensitive  to  errors. 

A  second  technique  which  gives  a  measurement  related  to  molecu¬ 
lar  weight  is  to  use  a  fluidic  oscillator  that  has  been  calibrated  to 
relate  the  frequency  of  the  oscillation  to  the  composition.  This  method 
was  used  by  Prokopius  (Ref.  13)  to  analyze  H2~ steam  mixtures.  The  type 
of  oscillator  investigated  in  the  work  reported  herein  was  based  on  a 
bistable  fluidic  amplifier  connected  with  the  output  which  was  fed  back 
to  the  control  jets  (Fig.  16).  Although  good  qualitative  descriptions  of 
bistable  fluidic  amplifiers  exist  (Ref.  14),  there  is  no  quantitative  theory 
that  will  predict  the  switching  time  and,  therefore,  the  frequency  of  the 
oscillator.  The  approach  to  the  design  of  a  fluidic  oscillator  analyzer 
has  been  "cut  and  try.  "  Some  outstanding  successes  have  been  achieved, 
but  so  far  it  is  not  possible  to  describe  an  optimum  configuration.  Two 
basic  configurations  are  shown  in  Fig.  16.  These  are  (Fig.  16a)  an  un- 
vented  design  with  a  hot-wire  bridge  detector  and  (Fig.  16b)  a  vented 
design  with  a  pressure  detector. 

The  parameters  which  have  been  found  to  affect  frequency  and  sta¬ 
bility  (absence  of  random  fluctuations  in  frequency)  are  vents,  feedback 
loop  length,  back  pressure  valve  setting,  inlet  pressure,  oscillation 
detectors,  temperature,  and  composition. 

4.2.1  Vent* 


One  unvented  oscillator  has  been  built.  It  will  operate  down  to  an 
inlet  pressure  level  of  7  psia  and  is  very  stable  (±1  Hz  in  500  over  a 
period  of  several  hours).  A  duplicate  of  this  model  could  not  be  made 
to  operate  at  all. 

The  vented  oscillators  all  have  had  a  much  wider  range  of  oscilla¬ 
tion  in  terms  of  input  and  back  pressure  but  seem  to  be  less  stable. 

4.2.2  Feedback  Loop  Length 


This  has  a  small  effect  on  frequency  since  frequency  seems  to 
depend  on  switching  time,  which  is  quite  a  bit  longer  than  the  time  it 
takes  a  pressure  pulse  to  travel  the  return  loop. 
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4.2.3  Back  Pressure  Valve  Setting 

The  back  pressure  controls  the  pressure  ratio  across  the  inlet  noz¬ 
zle  and  has  a  large  effect  on  the  oscillator  frequency.  The  unvented 
oscillator  will  run  at  only  one  setting.  Figure  17  shows  the  frequency 
with  air  and  helium  as  a  function  of  back  pressure  for  a  vented  oscilla¬ 
tor. 


4.2.4  Inlet  Pressure 


This  parameter  has  a  moderate  effect  on  frequency  and  does  affect 
the  amplitude  of  the  oscillation  and  also  the  presence  or  absence  of 
oscillation.  It  is  desirable  to  be  able  to  operate  with  an  inlet  pressure 
as  low  as  possible.  If  the  probe  must  be  operated  choked,  then  this 
pressure  cannot  be  more  than  one  half  the  minimum  total  pressure  in 
the  system.  Oscillators  have  been  run  as  low  as  3  psia;  however  at  this 
pressure,  they  are  very  sensitive  to  changes,  and  the  conditions  cannot 
always  be  duplicated.  At  the  present  time,  6  to  7  psia  seems  to  be  the 
minimum  pressure  at  which  a  unit  can  be  expected  to  operate  reliably. 
Figure  18  shows  the  effect  of  inlet  pressure  on  frequency.  Although 
this  change  is  not  large,  it  does  require  pressure  control  if  the  unit 
is  to  be  used  as  an  accurate  analytical  tool. 


4.2.5  Oscillation  Detectors 


Two  types  of  detectors  can  be  used  with  fluid  oscillators:  velocity 
sensitive  detectors  and  pressure  pickups. 

Velocity  sensitive  detectors  (hot  wires)  may  be  used  for  frequen¬ 
cies  up  to  2000  Hz.  Miniature  light  bulb  filaments  make  very  suitable 
hot-wire  detectors.  Four  28-v  bulbs  were  wired  as  a  Wheatstone  bridge 
with  two  active  legs  formed  by  removing  the  glass  from  the  bulbs  and 
potting  them  into  the  feedback  loops.  The  other  two  bulbs  which  form 
the  dummy  legs  of  the  bridge  are  left  enclosed.  The  bridge  is  excited 
with  1.  5  v  dc.  A  balancing  resistor  may  be  placed  across  one  leg  to 
reduce  the  direct  current  in  the  output.  This  is  generally  not  necessary 
if  the  output  is  capacitively  coupled  to  the  amplifier.  The  only  real 
disadvantage  to  this  system  is  the  low  output  (typically  30  pv,  peak  to 
peak).  This  requires  a  gain  of  at  least  1000  before  the  signal  can  be 
discriminated.  The  low  bridge  impedance  (about  100fi)  makes  it  fairly 
easy  to  eliminate  pickup-induced  noise.  There  seems  to  be  very  little 
inherent  noise  in  the  system,  and  the  waveform  is  sinusoidal,  which 
makes  it  easy  to  discriminate  or  count. 
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Two  types  of  pressure  transducers  have  been  tried.  The  first  of 
these  was  an  earphone  of  the  type  used  with  transistor  radios.  It 
contains  a  permanent  magnet,  coil,  and  diaphragm  and  can  be  used  in 
heated  systems  if  the  plastic  case  is  removed  and  the  parts  are  potted 
in  a  metal  case.  This  device  gives  a  reasonably  large  output  and  is 
simple  to  use  since  it  requires  only  an  amplifier.  The  major  disadvan¬ 
tage  is  that  it  resonates  at  its  natural  frequency  (about  2000  Hz)  and 
requires  the  output  to  be  filtered  strongly  to  remove  this  component  of 
the  signal.  The  second  transducer  was  of  the  variable  capacitance 
type.  It  produces  a  large  signal  and  has  a  frequency  response  flat  to 
10kHz.  This  becomes  a  disadvantage  since  the  high  frequency  com¬ 
ponents  in  the  pressure  wave  make  the  signal  hard  to  count  accurately. 
Neither  pressure  transducer  is  subject  to  pickup- induced  noise,  but 
all  oscillation  detectors  should  be  filtered  to  remove  noise  and  over¬ 
tones  that  can  make  accurate  counting  impossible. 

4.2.6  T«mp«rature 

It  is  desirable  to  be  able  to  operate  an  analyzer  at  a  temperature 
of  about  600°R  so  that  condensation  of  water  from  H2-O2  combustion 
does  not  occur.  No  detailed  study  of  the  effect  of  temperature  on  fre¬ 
quency  has  been  made;  however,  the  effect  of  a  given  percentage  change 
in  temperature  should  be  the  same  as  the  same  percentage  change  in 
molecular  weight.  A  constant  temperature  box  was  built  and  heated  by 
steam  condensing  at  atmospheric  pressure.  This  will  give  a  variation 
of  less  than  ±1°R  (±0.  2  percent  with  the  normal  variation  of  atmospheric 
pressure)  and  can  be  held  much  closer  with  a  simple  pressure  control, 
or  corrections  can  be  made  for  changes  in  atmospheric  pressure, 
assuming  AT/T  =  -AM/M. 

4.2.7  Composition 


Figure  19  is  a  calibration  curve  of  an  unvented  oscillator.  There 
does  not  seem  to  be  any  simple,  exact  correlation  between  frequency 
and  molecular  weight,  or  speed  of  sound  (y/M),  but  the  frequency  of 
oscillation  with  a  mixture  of  H2  and  air  is  nearly  proportional  to 
(1/M)1/2. 


SECTION  V 

CALIBRATION  SYSTEM 


The  calibrations  and  evaluation  of  various  probes  are  made  by 
using  a  flat  flame  burner  such  as  the  one  shown  in  Fig.  20.  Hydrogen, 
air,  and  oxygen  are  supplied  from  pressure  regulators  and  metered 
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with  choked  orifices.  The  orifices  are  calibrated  with  a  dry  gas  meter 
at  the  pressure  levels  used  during  the  tests.  The  design  flow  gives  a 
bulk  gas  velocity  at  approximately  50  ft/ sec  at  the  probe  tip.  The  heat 
convected  back  to  the  burner  grid  is  calculated  from  the  burner  cool¬ 
ing  water  flow  rate  and  temperature  rise.  A  combustion  chamber 
section  larger  than  the  burner  diameter  and  secondary  air  was  found 
necessary  to  provide  a  stable  flame. 

A  radial  traverse  of  this  burner  was  made  0.  75  in.  from  the  burner 
grid  with  the  combustion  chamber  removed.  Typical  thermocouple 
probe  outputs  are  shown  in  Fig.  21.  There  is  in  the  burner  an  area  of 
constant  temperature  with  a  diameter  of  0.  5  to  <0.  75  in.  Axial  traverses 
showed  no  gradient  from  0.  5  to  1  in.  from  the  grid  on  the  axis  of  the 
burner. 

Figure  22  is  a  schematic  of  the  measuring  system  used  with  the 
probes.  This  equipment  is  mounted  in  a  box  and  heated  with  saturated 
atmospheric  steam.  The  heating  prevents  condensation  of  any  water 
at  total  pressures  less  than  two  atmospheres  for  H2~air  mixtures  and 
for  H2-O2  mixtures  richer  than  twice  stoichiometric.  Also,  all  probe 
cooling  water  is  heated  to  remove  the  possibility  of  condensation  in 
the  probe. 

Pressures  and  temperatures  are  measured  with  pressure  trans¬ 
ducers  and  thermocouples  and  recorded  on  strip-chart  recorders. 

The  data  taken  consist  of: 

A.  Probe  Data 

1.  The  thermocouple  temperature  of  a  thermocouple 
probe 

2.  The  burner  total  pressure 

3.  The  total  pressure  downstream  of  the  probe  and 
upstream  of  any  orifice 

4.  The  gas  temperature  at  the  orifice 

5.  The  oscillator  frequency 

6.  The  rate  of  pressure  change  in  the  tank 

B.  Burner  data 

1.  Fuel  and  oxidizer  orifice  pressures 

2.  Fuel  and  oxidizer  temperatures 
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3.  Burner  grid  cooling  water  flow 

4.  Burner  grid  cooling  water  temperature  rise. 

The  flame  temperature  is  calculated  assuming  the  gases  are  in 
equilibrium  with  an  enthalpy  equal  to  the  enthalpy  of  the  supply  gas 
minus  the  measured  heat  loss  to  the  burner  per  pound  of  gas.  It  is 
estimated  that  these  temperatures  are  correct  to  ±100°R.  This 
error  is  the  sum  of  fuel  flow  measurement  errors,  the  nonequilibrium 
effects,  the  errors  in  heat  loss,  and  radiation  losses.  The  probe  data 
give  directly  the  temperature  of  a  thermocouple  probe  and  the  pres¬ 
sure  ratio  of  a  two-orifice  probe.  The  parameters  which  may  be 
determined  over  and  above  the  direct  measurements  given  by  the  probe 
are: 

1.  Molecular  weight  of  burned  and  unburned  samples  from 
the  fuel  flows  or  the  oscillator. 

2.  Probe  mass  flow  from  the  orifice  or  the  rate  of  pres¬ 
sure  change  in  the  tank. 


SECTION  VI 
SUMMARY 


The  objective  of  this  report  is  to  describe  the  status  of  research 
leading  to  measuring  systems  with  small  (0.  125-in.  -diam)  probes 
that  will  measure  total  pressure  and  total  temperature  and  will  take 
and  analyze  gas  samples  in  chemically  reactive  mixing  zones.  Phy¬ 
sical  probing  was  chosen  to  make  these  measurements  because: 

1.  The  large  property  gradients  in  mixing  zones  make  it 
necessary  to  obtain  all  measurements,  used  in  a  given 
calculation,  at  one  location  in  the  flow  field.  This  can 
be  done  most  easily  with  a  single  multipurpose  probe. 

2.  Probe  measurements  should  minimize  errors  from 
turbulent  fluctuations  of  composition,  velocity,  tem¬ 
perature,  and  pressure  which  are  expected  in  the 
mixing  zones. 

The  basic  design  consists  of  an  0.  125-in.  -diam  water-cooled 
copper  probe  with  an  inside  diameter  of  0.  050  in.  These  probes  may 
be  aspirated  to  take  a  gas  sample  and  temperature  reading  or  shut  off 
to  measure  total  pressure.  A  probe  of  this  design  was  successfully 
used  at  Mach  3  in  the  exhaust  of  an  H2-O2  rocket  with  a  chamber  pres¬ 
sure  of  about  300  psia. 
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Two  systems  are  currently  being  investigated  to  measure  tem¬ 
perature.  These  are: 

1.  Quartz -Coated  Thermocouples.  To  survive  the  temperature 
being  measured,  the  thermocouples  must  be  cooled  by  con¬ 
duction  loss  to  the  probes.  Calibrations  made  on  a  flat 
flame  burner  indicate  that  the  difference  between  the  gas 
temperature  and  the  thermocouple  temperature  is  nearly 
independent  of  the  composition  of  the  gas  and  almost  wholly 
dependent  on  the  gas  total  temperature. 

2.  Pneumatic  Thermometer.  In  this  system,  an  orifice  is 
placed  at  the  tip  of  the  probe,  and  a  second  orifice  is 
located  in  the  cooled  flow  downstream.  The  gas  tempera¬ 
ture  is  calculated  from  the  continuity  equation  when  the 
total  pressure  at  the  first  orifice  and  the  total  pressure 
and  total  temperature  at  the  second  orifice  are  measured. 

A  calibration  is  necessary  because  the  area  ratio  between 
the  orifices  includes  the  orifice  coefficients  and  cannot  be 
calculated.  This  area  ratio  appears  to  be  a  function  of 
composition  because  of  the  change  in  Reynolds  number  with 
a  change  in  the  gas.  The  effect  makes  it  very  difficult  to 
obtain  a  calibration  curve  for  this  probe  over  a  large  range 
of  composition.  For  nonequilibrium  flow,  it  is  necessary 

to  establish  a  relationship  between  the  temperature,  molecu¬ 
lar  weight,  and  specific  heat  and  to  solve  the  continuity  equa¬ 
tion  including  these  relations. 

These  probe  designs  were  chosen  because  they  should  not  include 
the  heat  of  recombination  in  the  tem per ature  as  a  calorimeter -type 
total  enthalpy  probe  would.  The  validity  of  this  assumption  has  not 
been  checked  but  could  be  by  comparing  the  output  of  two  measure¬ 
ments  operating  on  different  physical  principles.  Further  work  is 
necessary  on  both  of  these  temperature  measurement  techniques  before 
their  accuracy  and  reproducibility  is  adequately  defined.  Specifically, 
calibrations  should  be  made  over  a  wider  range  of  composition  and 
pressure  than  has  been  done  to  date.  Based  on  the  results  to  date,  the 
thermocouple  probe  appears  to  be  the  more  satisfactory  temperature 
sensing  device. 

The  gases  are  analyzed  on  line  with  a  bistable  fluid  oscillator  with 
an  oscillation  frequency  that  is  a  function  of  the  molecular  weight  of  the 
sample.  No  quantitative  theory  of  fluid  oscillators  is  available;  how¬ 
ever,  observations  have  been  of  the  effect  of  some  of  the  design  param¬ 
eters  on  performance.  Further  experimental  work  is  necessary  to 
define  these  parameters  in  more  detail  so  that  an  optimum  design  can 
be  selected. 
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A  study  was  made  of  the  effect  of  probe  shape  and  Mach  number  on 
the  validity  of  samples  taken  in  a  supersonic  stream.  For  hydrogen- 
nitrogen  mixtures  at  a  static  pressure  of  1  atm,  no  change  between  the 
free  stream  and  the  sample  was  seen  in  any  of  the  tests. 
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Fig.  1  Nonequilibrium  Properties  of  t^-Air  Mixtures 
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Fig.  2  Probe  Configurations  with  Vented  Cooling  Water 
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Fig.  8  Effect  of  Probe  Flow  Rate  on  Probe  Readings 
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Fig.  9  Correlation  between  Measured  Temperature  and  Probe  Orifice  Pressure 
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Fig.  15  Orifice-Tank  Calibration  Curve 
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Fig.  16  Fluidic  Oscillator  Schematic 
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Fig.  17  Effect  of  Control  Valve  Setting  at  Constant  Input  Pressure 
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a.  Air 

Fig.  18  Effect  of  input  Pressure  on  Frequency  at  Constant  Control  Valve  Setting 
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b.  Helium 
Fig.  18  Concluded 
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TABLE  I 

PROBE  SEPARATION  OF  Hn-N?  MIXTURES 


Volume  Percentage 

H2 

Nozzle  Mach 
Number 

Nozzle  Total 
Pressure,  psia 

Probe 

Number 

Percent  Change  in 
Molecular  Weight 

20 

2.5 

250 

1 

0.64 

20 

2.5 

250 

2 

0.4 

20 

2.5 

250 

3 

0.48 

20 

2.5 

250 

4 

-0.12 

20 

2.0 

115 

1 

0.24 

20 

2.0 

115 

2 

0.68 

20 

2.0 

115 

3 

0.16 

20 

2.0 

115 

4 

1.00 

20 

1.5 

54 

1 

0.08 

20 

1.5 

54 

3 

0 

20 

1.5 

54 

4 

0.12 

50 

2.5 

250 

1 

1.44 

50 

2.5 

250 

2 

1.33 

50 

2.5 

250 

3 

0.35 

50 

2.5 

250 

4 

0.09 

50 

2.0 

115 

1 

0.17 

50 

2.0 

115 

2 

0.13 

50 

2.0 

115 

3 

0.26 

50 

2.0 

115 

4 

0 

50 

1.5 

54 

1 

-0.13 

50 

1.5 

54 

3 

0.40 

50 

1.5 

54 

4 

0.40 

50 

1.0 

28 

1 

0.13 

50 

1.0 

28 

3 

0.26 

50 

1.0 

28 

4 

0.26 

TABLE  I  (Concluded) 


Volume  Percentage 
«2 

Nozzle  Mach 
Number 

Nozzle  Total 
Pressure,  psla 

Probe 

Number 

Percent  Change  In 
Molecular  Weight 

75 

2.0 

115 

1 

1.10  ! 

75 

2.0 

115 

2 

-0.44 

75 

2.0 

115 

3 

0.66 

75 

1.5 

54 

1 

-0.15 

75 

1.5 

54 

2 

0.22 

75 

1.5 

54 

3 

0.22 

75 

1.5 

54 

4 

0.51 

75 

1.0 

28 

1 

0.22 

75 

1.0 

28 

2 

-0.14 

75 

1.0 

28 

3 

-0.51 

75 

1.0 

28 

4 

-0.51 
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